Background {#Sec1}
==========

The miniaturization of complementary metal-oxide-semiconductor (CMOS) devices would eventually require the thinning of a gate dielectric, whose capacitance should be equivalent to that of SiO~2~ with a thickness less than 1 nm. Ultrathin SiO~2~ as a gate dielectric has been rapidly confronted with its fundamental limit due to its unacceptably high leakage current. The replacement of SiO~2~ with high dielectric constant (*k*) materials has recently attracted considerable attention because their large physical thickness can suppress a gate tunneling leakage current at a scaled equivalent oxide thickness (EOT) \[[@CR1]--[@CR4]\]. Several candidate materials for the gate dielectric films such as HfO~2~ \[[@CR5]\], ZrO~2~ \[[@CR6]\], La~2~O~3~ \[[@CR7]\], Y~2~O~3~ \[[@CR8]\], Ta~2~O~5~ \[[@CR9]\], and Al~2~O~3~ \[[@CR10]\] have been studied extensively during the past decade. As a promising high-*k* material, La~2~O~3~ has advantages of high dielectric constant (\~30) and good thermal stability, but the hygroscopicity would lead to high leakage \[[@CR11]\]. Al~2~O~3~ has many favorable properties like kinetic stability and thermodynamic stability on Si up to high temperatures, good interface with Si, and low bulk defect density. However, the dielectric constant of Al~2~O~3~ (\~9) is low \[[@CR12]\]. Lanthanum aluminate (LaAlO~3~ or LAO), which is a compound of La~2~O~3~ and Al~2~O~3~, is a promising material as it possesses a large bandgap (5--6 eV), a high dielectric constant (22--25), and a relatively large band offset with Si (2 eV)\[[@CR13]\].

Various deposition techniques such as molecular beam epitaxy (MBE) \[[@CR14]\], pulsed laser deposition (PLD) \[[@CR15]\], metal-organic chemical vapor deposition (MOCVD) \[[@CR16]\], and atomic layer deposition (ALD) have been explored to grow the high-*k* dielectric layers on Si substrate \[[@CR17]\]. ALD is a method of cyclic deposition and oxidation which consists of alternate pulsing of the precursor gases and vapors on the substrate surface resulting in subsequent chemisorptions or surface reaction of the precursors to produce the desired oxide. Under suitable conditions, ALD is a saturation reaction with constant thickness increase in each deposition cycle. Hence, regardless of the precursor dose supplied, the resulting thickness will always be the same, if the appropriate saturation dose is supplied. This is termed as the self-limiting growth mechanism of ALD which facilitates the growth of conformal thin films with accurate thickness control. ALD is also suitable for depositions on trench-type structures. Also, for thin films, the ALD produces better uniformity and lesser defects as compared to other deposition techniques \[[@CR18], [@CR19]\]. These qualities make the ALD method attractive for manufacturing of future generation integrated circuits especially gate dielectric applications.

Various oxygen sources have been used in the past for ALD such as O~3~, O~2~, and, the most common, H~2~O. The oxidation power of the oxygen source towards the bare Si surface is very important in ALD to achieve low EOT values, since growth of low *k* layer such as SiO~x~ can reduce the overall capacitance. In order to obtain low charge leakage, residual impurities in the high-*k* film should be reduced as much as possible. The oxidants have great influences on the defects and residual impurities in the high-*k* film if the process conditions are optimized in ALD process. On the other hand, the effects of RTA on the properties of La~x~Al~y~O films have been reported \[[@CR20], [@CR21]\]. People found that the growth of the interface layer was suppressed and the properties of film were enhanced by RTA. However, the oxidant effects on the characteristics of La~x~Al~y~O before and after annealing have rarely been discussed. In this study, two kinds of oxidants (H~2~O and O~3~) are used to deposit La~x~Al~y~O films by ALD. The effects of the different combinations of the different oxidants with metal precursors on the physical, electrical, and chemical properties of annealed La~x~Al~y~O films are investigated.

Methods {#Sec2}
=======

A P-type Si B-doped (100) wafer with a resistivity of 8--12 Ω cm was cleaned with a (HCl:H~2~O~2~:H~2~O = 1:1:5) solution for 10 min at 85 °C to remove organic contamination and then chemically etched with a diluted hydrofluoric acid solution (HF:H~2~O = 1:100) to remove native oxides, both followed by a 30-s rinse in deionized water. La~x~Al~y~O films were deposited on Si wafers by a layer-by-layer deposition process using different metal processors (trimethylaluminum (TMA) and tris(isopropylcyclopentadienyl) lanthanum \[La(^i^PrCp)~3~\]) and oxidants (H~2~O and O~3~) at 300 °C by ALD reactor (Picosun R-200, Espoo, Finland). Ultra-high purity nitrogen (N~2~, 99.999%) was employed as carrier and purge gas. The container of the TMA is at room temperature, corresponding to a vapor pressure of 10 to 15 hPa, and La(^i^PrCp)~3~ was kept at 180 °C, respectively. When H~2~O is used as an oxidant, ALD sequence was composed of 0.5 s La(^i^PrCp)~3~ pulse/6 s purge with N~2~/0.5 s H~2~O pulse/8 s purge with N~2~ and 0.1 s TMA pulse/3 s purge with N~2~/0.1 s H~2~O pulse/4 s purge with N~2~. When O~3~ is used as an oxidant, ALD sequence was composed of 0.5 s La(^i^PrCp)~3~ pulse/8 s purge with N~2~/0.5 s O~3~ pulse/10s purge with N~2~ and 0.1 s TMA pulse/3 s purge with N~2~/0.5 s O~3~ pulse/4 s purge with N~2~. Post-deposition annealing (PDA) was performed for 60 s in N~2~ ambient at 600 °C using rapid thermal annealing (RTA). Figure [1](#Fig1){ref-type="fig"} shows the schematic drawings of structures of different La~x~Al~y~O films. The number of deposition cycles for all films were 100. Film thicknesses were measured by J.A. Woollam M2000D spectroscopic ellipsometry. The bonding structures of the films were examined by X-ray photoelectron spectroscopy (XPS). The electrical properties of the films were measured using a metal-insulator semiconductor (MIS) capacitor structure. Metal gate (200 nm Au) with a diameter of 130 μm was deposited by magnetron sputtering through a shadow mask, and Al was sputtered as the back contact metal. Capacitance-voltage (*C*-*V*) characteristics were evaluated using an Agilent B1500A semiconductor parameter analyzer. The EOT and dielectric constant of the capacitor were obtained by the Hauser CVC program taking into account quantum mechanical effects.Fig. 1Schematic drawings of structures of different La~x~Al~y~O films

Results and Discussion {#Sec3}
======================

Figure [2](#Fig2){ref-type="fig"} shows the XPS spectra of the La~x~Al~y~O films with different oxidants before and after annealing. The main peaks consist of Al 2p, O 1 s, and La 3d~5/2~ peaks; subordinate peaks consist of C 1 s, N 1 s, and Si 2p peaks. The interactions between La~2~O~3~ and Al~2~O~3~ layers occur, which is accompanied with the decomposition and recomposition of unstable bonds or groups residing in La~x~Al~y~O films during the annealing process. Therefore, the change is observed in the XPS spectrum of the La~x~Al~y~O films after annealing. On the other hand, an obvious change is observed in the spectrum of sample A after annealing compared to the other samples. This phenomenon attributed to the physical adsorption property of H~2~O. The high-concentration hydroxyl/hydrogen groups were formed in La~x~Al~y~O films although the purge time is sufficiently long during the ALD process. The residue of hydroxyl/hydrogen groups generated many defects and dangling bonds, which causes the increasing of the impurity residuals in La~x~Al~y~O films. In contrast to the H~2~O, O~3~ preserves the self-limiting nature of ALD reactions, and no oxidant by-products reside in film growth. Therefore, the change is not obvious in the spectrum of sample D after annealing.Fig. 2XPS spectra of La~x~Al~y~O films grown using different oxidants before and after annealing

The XPS quantitative analysis is performed to determine the chemical composition of the film. Figure [3](#Fig3){ref-type="fig"} shows the percentage compositions of C and N impurities for La~x~Al~y~O films. The residual C impurity mainly comes from the residues of metal precursors or C-containing groups attached to the metal atoms for the as-deposited samples. In Fig. [3](#Fig3){ref-type="fig"}a, the percentage composition of C impurity for as-deposited sample A is higher than that for the other samples. Moreover, the variation of the degree of reduction of the percentage composition of C impurity for sample A is more severe than that for the other samples after annealing. This result indicates that the film using O~3~ as an oxidant is more prone to achieve the saturation adsorption reaction and has a greater advantage in controlling the C impurity level compared with the film using H~2~O as an oxidant \[[@CR19]\]. On the other hand, the percentage composition of N impurity for as-deposited sample D is higher than that for the other samples shown in Fig. [3](#Fig3){ref-type="fig"}b. The residual N impurity mainly comes from the formation of La--N and Si--N bonding. O~3~ with strong oxidization and lability can split the N--C bonds of by-products and ligands easily. The unsaturated dangling bonds attach to La in the deposition process and form La--N bonds, which is defined as residual N-related impurities. Due to the diffusivity of the atoms, furthermore, Si--N bonds are formed at the interface between the film and Si substrate in the deposition process. The two reasons explain the phenomenon that the percentage composition of N impurity of sample D is higher than that of the other samples. During the annealing process, the unstable bonds can decompose, and carrier gas purges the residue out of the chamber which caused the decreasing of the content of N impurity \[[@CR22]\].Fig. 3Percentage compositions of atoms in La~x~Al~y~O films before and after annealing. **a** C. **b** N

Table [1](#Tab1){ref-type="table"} shows the percentage compositions of different atoms in different La~x~Al~y~O films. The ratio of La:Al:O approximately 1:3:6 for each samples before and after annealing indicates that the oxidants have a small influence on the stoichiometry of La~x~Al~y~O films. In conclusion, the La~x~Al~y~O film grown with O~3~ as the oxidant generates lower C and higher N impurity level than the films using H~2~O as an oxidant. C and N impurity concentrations decreased, and the characteristics of La~x~Al~y~O films improved after rapid thermal annealing.Table 1Percentage compositions of atomic atoms in La~x~Al~y~O filmsSampleLa(at%)Al(at%)O(at%)C(at%)N(at%)Sample AFresh11.9926.3756.353.581.71Anneal11.2827.1457.482.641.46Sample BFresh11.9626.6957.242.791.32Anneal9.9827.1859.152.551.14Sample CFresh11.2426.0457.693.411.62Anneal11.0326.5858.172.851.37Sample DFresh9.7527.1758.611.832.64Anneal8.9127.7859.871.511.93

Figure [4](#Fig4){ref-type="fig"} shows *C*-*V* characteristics of the La~x~Al~y~O films with different oxidants before and after annealing. The gate voltage was swept from negative to positive voltage and then again back to negative voltage. *C*-*V* curves with O~3~ used as oxidant formed a width step which is caused by the trapped holes injected from the La~x~Al~y~O layer into the depletion layer. The width of the depletion layer in the Si substrate grows with the gate bias increasing. Growth of the depletion layer will stop, and the capacitance becomes constant after all the trapped holes in the interface layer are injected into the depletion layer. Magnitude of the trap charge concentration in the oxide layer is determined by the magnitude of the hysteresis voltage. Sample D has a small hysteresis voltage compared with the other samples before annealing. This indicates that film using O~3~ as an oxidant possesses low-interface state density and good-interface quality. For samples A, B, and C, oxidant contains water, and the complex interface layer (IL) is formatted due to the interdiffusion of Si, Al, La, and O atoms in the deposition process. Moreover, the values of flat band voltage (V~FB~) of four samples are negative before annealing. This attributed to the formation of positive fixed charges in films. The formation of oxygen vacancies in La~x~Al~y~O films increases the positive oxide charge due to the growth of silicate interfacial layer. The flat band voltage was shifted in a positive direction, and the hysteresis voltages decreased after annealing at 600 °C for La~x~Al~y~O films. The quantity of positive charges is reduced, and oxygen vacancies are filled due to the decomposition and recombination of chemical bonds in films during the annealing process \[[@CR23]\]. This indicates that La~x~Al~y~O films possess a lower trap charge density and a better quality after annealing.Fig. 4The *C*-*V* characteristics of La~x~Al~y~O films before and after annealing

On the other hand, the values of accumulation capacitance of films increased after annealing; this attributed to a decrease of the concentration of interfacial fixed charge and defects. However, sample D has a large value of accumulation capacitance compared with the other samples before and after annealing. There are two reasons for this phenomenon. First of all, films deposited with oxidant containing H~2~O tend to easily form La(OH)~3~ which will decrease the whole dielectric constant and value of accumulation capacitance of films. Secondly, the use of O~3~ as the oxidant improved electrical properties of the La~x~Al~y~O films by suppressing the formation of complex interfacial layers and La(OH)~3~\[[@CR24]\].

Figure [5](#Fig5){ref-type="fig"} shows the values of thickness of the La~x~Al~y~O films. The values of thickness of samples B and D are higher than the values of thickness of samples A and C. This indicates that the growth rates of La~2~O~3~ and Al~2~O~3~ films using O~3~ as an oxidant are higher than the films using H~2~O as an oxidant. Growth rates of Al~2~O~3~ films achieved stable values of 0.97 and 1.01 Å/cycle when H~2~O is used as oxidant, and growth rates of La~2~O~3~ films achieved stable values of 0.71 and 1.03 Å/cycle when O~3~ is used as oxidant. This result indicates that the film using O~3~ as an oxidant is more prone to achieve the saturation adsorption reaction. This analysis is in accord with the analyses of changes of impurity content we discussed before. Furthermore, the values of thickness of the La~x~Al~y~O films increased after annealing because of the formation of an interfacial layer between the film growth layer and Si substrate. Moreover, the change of values of thickness of four La~x~Al~y~O films before and after annealing is negligible. This can be explained by the densification of the films after thermal annealing \[[@CR25]\].Fig. 5Values of thickness of the La~x~Al~y~O films before and after annealing

Figure [6](#Fig6){ref-type="fig"} shows the values of dielectric constant and EOT of the La~x~Al~y~O films. As shown in Fig. [6](#Fig6){ref-type="fig"}, the *k* value and EOT of sample A are 10.7 and 5.8 nm, respectively. Sample A has a small permittivity and large EOT compared with the other samples. The small permittivity attributed to the formation of La(OH)~3~ and La silicate during the ALD process. Formation of much La(OH)~3~ is because of the reaction of La~2~O~3~ layer and the moisture contained in H~2~O oxidant, carrier gas, and atmosphere \[[@CR26]\]. Formation of La silicate attributed to the interdiffusion of La and O atoms that belong to La~2~O~3~ layer close to substrate and Si atoms which came from Si substrate. The *k* value and EOT are 18.1 and 3.6 nm of sample D, which has the largest permittivity and smallest EOT. This phenomenon attributed to the advantage of O~3~. Different from H~2~O, the use of O~3~ as an oxidant can suppress the formation of La(OH)~3~. This caused sample D possessing large permittivity. Values of EOT and *k* value of sample B are 4.2 nm and 15.1, respectively; values of EOT and *k* value of sample C are 4.6 nm and 13.5, respectively. For the two samples, both with mixed as oxidants, possess different properties. For sample C, the La precursor reacts with O~3~ while the Al precursor reacts with H~2~O in the deposition process. For sample B, on the contrary, the La precursor reacts with H~2~O, while the Al precursor reacts with O~3~. The different deposition sequences of oxidants for H~2~O and O~3~ cause sample C formatting less La(OH)~3~ and better interface layer quality which attributed to the reaction of saturated adsorption in La~2~O~3~ films and less diffusion between atoms at interface compared with B. The phenomenon makes sample C possessing larger permittivity and smaller EOT than sample B.Fig. 6Values of dielectric constant and EOT of the La~x~Al~y~O films before and after annealing

EOT decreased and permittivity increased of the four samples after annealing at 600 °C. The reduction of EOT mainly attributed to the densification process of La~x~Al~y~O films. The La, Si, and O atoms recombined in interface layer during the RTA process; this caused a decrease of the concentration of interfacial fixed charge and defects \[[@CR27]\]. Furthermore, the increasing of permittivity attributed to the increasing of accumulation capacitance and reduction of impurity after annealing.

In order to prove the analyses above, XPS spectra were obtained using Al Kα. The binding energy (BE) was calibrated with the position of the C 1 s peak at 284.8 eV. O 1 s spectrums of four samples before and after annealing were fitted with four peaks after the application of a Smart background are shown in Figure [7](#Fig7){ref-type="fig"}. Red, green, blue, and purple curves stand for the La--O--La, La--O--Al, La--OH, and La--O--Si bonds, respectively. The existence of La--O--Al and La--O--La bonds attributed to the formation of La~x~Al~y~O and La~2~O~3~ layer in films. The existence of La--O--Si bond indicates the formation of La silicate at La~2~O~3~/Si interfacial layer \[[@CR28]\]. According to previous report, La atom has the strongest tendency among rare earth atoms forming silicate components \[[@CR29]\]. Thus, the first few cycles of ALD La~2~O~3~ are consumed to form a silicate interlayer. As shown in Fig. [7](#Fig7){ref-type="fig"}a, sample A possesses a large intensity of La--OH peak which attributed to the La(OH)~3~ compared with the other samples. This phenomenon indicates that the film with H~2~O used as oxidant more easily leads to the formation of La hydroxide and reduction of permittivity. As shown in Fig. [7](#Fig7){ref-type="fig"}b, c, the intensities of La--OH and La--O--Si peaks of sample B are larger than that of sample C. This difference indicates that sample B has a large EOT and a small permittivity compared with sample C, which coincides with the values of EOT and permittivity for corresponding samples.Fig. 7O 1 s XPS peaks before (As Dep) and after annealing for samples. **a** Sample A. **b** Sample B. **c** Sample C. **d** sample D

Moreover, the intensities of La--OH and La--O--Si peaks of La~x~Al~y~O films decreased after annealing at 600 °C. This attributed to the reduction of impurity content and concentration of defects in the interface of films during the annealing process. Sample D has a smallest intensity of La--OH and La--O--Si peaks compared with the other samples after annealing shown in Fig. [7](#Fig7){ref-type="fig"}d. This indicates that the use of O~3~ as the oxidant suppressed the formation of La(OH)~3~ and growth of interface layer. To summarize, annealing improved the electrical properties and increased the permittivity of La~x~Al~y~O films.

Conclusions {#Sec4}
===========

In summary, the annealing effect of La~x~Al~y~O nanolaminate films with different oxidants (H~2~O and O~3~) deposited on a Si substrate by ALD was investigated. First of all, the C and N impurity concentrations in La~x~Al~y~O films were improved by rapid thermal annealing. Moreover, electrical properties were improved of films, and content of La hydroxide was reduced by rapid thermal annealing, which makes films to have a large dielectric constant and a small EOT. Furthermore, the use of H~2~O as the oxidant leads to the formation of La(OH)~3~, which makes the properties of films worse. Using O~3~ as the oxidant improved electrical properties of the deposited La~x~Al~y~O films by suppressing the formation of interface layer and La(OH)~3~. The La~x~Al~y~O film using O~3~ as an oxidant possessed a high permittivity and a small EOT compared with the other samples after annealing. These results show that using O~3~ as an oxidant is suitable for high-performance ALD La~x~Al~y~O film deposition as required for gate dielectric applications.
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